to implement an energy-autonomous sensor node for a wireless sensor network (WSN) is studied and a practical solution presented. In the practical implementations, flexible and rigid substrates that is polyimide and glass, are coated with TCO, namely aluminum doped zinc oxide (AZO). AZO-coated flexible substrates are used to form thermoelectric generators (TEG) that produce electricity for the sensor electronics of the node from thermal gradients on a window. As the second solution to utilize AZO, its conductive properties are exploited to implement transparent antennas for the sensor node. Antennas for a UHF RFID transponder and the Bluetooth radio of the node are implemented. A prototype of a flexible transparent TEG, with the area of 67 cm 2 when folded, was measured to produce power of 1.6 µW with a temperature difference of 43 K. A radiation efficiency of -9.1 dB was measured for the transparent RFID antenna prototype with the center frequency of 900 MHz. Radiation efficiencies between -3.8 dB and -0.4 dB, depending on the substrate, were obtained for the 2.45 GHz Bluetooth antenna. 
I. INTRODUCTION
MPLEMENTATION of internet of things (IoT) sets requirements as well as gives possibilities for new concepts of wireless sensing. Small and low-cost electronics components, such as energy harvesting circuits and systems-on-chip (SoC) combining microcontrollers with integrated radio transceivers, are increasingly available, which helps to implement various types of sensor nodes to form wireless sensor networks (WSN) [1] . However, one of the greatest challenges in the way of implementing wireless sensor nodes to new environments is still the power generation; most of the current small sensor nodes are operated with a battery. An ideal maintenance-free sensor node, instead, would work without the need of battery change. Therefore, different concepts of energy harvesting have been studied in order to develop an energy autonomous wireless sensor node [2] . In the following, a solution that generates its electricity from temperature gradients on a window is presented. The concept is based on utilizing flexible foils on which a thin layer of transparent conductive oxide (TCO) is implemented as thermoelectric generators (TEGs). Powering WSN nodes by TEGs has been studied formerly [3] , [4] , but the novelty of the proposed solution lies in utilizing light, flexible and transparent foils that have also other uses in the sensor concept. In this study, additionally to using the transparent foils as TEGs, their conductive properties are exploited by implementing antennas on them, resulting as transparent antennas to be integrated on a window. Different types of surfaces can be coated with TCO. Therefore, additionally to flexible foils, glass is also studied here as the substrate of a transparent antenna. Implementing antennas on a window instead of the printed circuit board (PCB) reduces the size of the electronics of the sensor node and using TCO makes them genuinely transparent, in contrast to e.g. wire mesh solutions that provide an option to implement partly transparent antennas [5] .
The third way of using the foils coated with TCO in the WSN concept is using their thermoelectric properties for touch sensing. This paper, however, concentrates on the two parts first mentioned: the thermoelectric generators and the transparent antennas. The touch sensor utilizing thermoelectric elements on TCO is based on the same phenomenon as their use as TEGs and is presented in detail in [6] . Adaptation of the electronics components of the node to operate with the devices implemented on TCO is also addressed.
Connecting the TEG elements processed on TCO with each other and to the electronics requires wiring with better electrical conductivity than what can be achieved with TCO materials. This wiring is implemented by screen-printing with silver nanoparticle ink.
The practical implementation of low-energy sensor electronics is used here as a part of the system and as a reference for power consumption. However, the optimization of the power consumption of the electronics part is not in the scope of this paper.
II. MATERIALS AND METHODS

A. Topology of the sensor node
The overall sensor concept can be divided into two main parts: the components implemented on TCO and the electronics module. The block diagram of the system is shown in Fig. 1 . On the left hand side, surrounded by a solid line, are the components integrated on TCO: the thermoelectric generators o r T EG s , t he tw o ante nnas t hat is t he R F ID t ag a nd t he Bluetooth antenna, and the thermoelectric sensors. On the right hand side, surrounded by a dashed line, are the components of the electronics module.
The concept comprises two types of transparent antennas: 2.45 GHz Bluetooth antenna for data transfer from the sensor node to an external gateway device and an RFID transponder antenna operating between 865 and 928 MHz for global operation according to ISO 18 000 -6C (EPC Gen2) standard. The passive RFID tag integrated into the window provides the window and the sensor node with an individual identification code, but optionally also an alternative way of exciting the sensors when there is no power available from the thermoelectric generators or from the energy storage. The backscatter modulation of the RFID protocol also provides an energy efficient option for wireless communication [7] .
The heart of the electronics module is the Nordic Semiconductors nRF51422 system-on-chip with an integrated microcontroller and a Bluetooth radio transceiver unit [8] . As the power production of the TEGs, especially when installed on a window, varies over time, an energy harvesting circuit with a storage capacitor is assembled between the TEGs and the power consuming electronics. As the selected energy harvesting circuit, Analog Devices ADP5090, has a unipolar input and the polarity of TEGs assembled on a window can change depending on the time of the year and even within a day, there is a diode bridge consisting of four SD103 Schottky diodes to provide the energy harvesting circuit with a fixed polarity. In order to exploit the energy of the storage capacitor as efficiently as possible and to protect the components from overvoltage, a chopper regulator is assembled between the energy harvesting circuit and the power consuming electronics.
Three sensor units are connected to the nRF51422: HYT271 that measures the ambient temperature and relative humidity, GSS Cozir CO2 sensor unit and the thermoelectric touch sensors integrated on TCO. As the voltage produced by the thermoelectric touch sensors is very low, only a few hundred microvolts, an instrumentation amplifier is needed between the sensors and the input channels of the nRF51422. As the touch sensor is a multichannel array, this amplifier unit also comprises a time-domain multiplexer (Mux). nRF51422 transmits the sensor data to the gateway device using Bluetooth 4.0 LE protocol. The gateway device connected to the Internet sends the measurement data further as http messages into a cloud service.
The average power consumption of the electronics is controlled by adjusting the duty cycle of the power hungry operations that is transmission and measurements. The idle power consumption of the CPU is 2 µW and the highest peak consumption during the 20 ms transmit burst is 60 mW. As an example of a use scenario, if temperature and humidity are measured and the data is transmitted every 15 minutes, the average power consumption of the electronics becomes 3.3 µW. 
B. Transparent conductive oxides
The figure of merit, ZT, for a thermoelectric material is defined [9] :
where ρ is electrical conductivity, S the Seebeck coefficient, T absolute temperature and ϕ thermal conductivity. In terms of the critical parameters, the two applications of TCO studied in this paper, thermoelectric generators and antennas, have somewhat different requirements. For TEGs, the optimization of the material parameters is about finding the right combination or compromise between ρ, S and ϕ. For antennas, instead, the electrical conductivity ρ is t he o nly critical parameter. Therefore, the TCOs need to be optimized primarily for their use as TEGs.
There are some alternatives for the TCO material, such as impurity-doped SnO2, In2O3 and ZnO [10] . Tin doped indium oxide (In2O3:Sn or ITO) is one of the most commonly used TCOs due to its high electrical conductivity and high transparency, while aluminum doped zinc oxide (ZnO:Al or AZO) provides an environmentally friendly alternative that is more abundant and has lower cost. As AZO also has good electrical conductivity (for a TCO), high transparency (80-90% transmittance in the visible region [11] ), reasonable thermoelectric properties [6] , [12] , [13] , and very good RF properties considering the antenna solutions also at UHF [14] , it is used in this work. Recently, some antennas have been implemented on ITO and AZO at the frequency of 2.45 GHz and above [15] , [16] . However, lower frequencies such as 900 MHz studied in this paper are more challenging and require special measures to achieve an adequate radiation efficiency and to implement the electrical connection to the antenna.
The AZO coating of the prototypes was made by Picosun using an atomic layer deposition (ALD) process to enable sufficiently low process temperatures required by the flexible substrates [17] . Three materials were used as substrates for the AZO coating: regular polyimide or Kapton NH® film (yellow), Kapton CS film (colorless polyimide) and glass [18] . All the TEG and RFID transponder prototypes were made using Kapton NH film. Bluetooth antenna prototypes were made using Kapton CS film and glass. Regardless of the substrate, the AZO coating is ~ 400 nm thick, producing DC sheet resistance of about 40 to 55 ς /□, slightly varying over the surface. The selected thickness of AZO is a result of a compromise between t h e t h i c k n e s s l i m i t a t i o n s o f t h e A L D p r o c e s s a n d t h e requirements of the antenna and TEG applications for a sufficiently low sheet resistance.
C. Thermoelectric generators.
The concept of harvesting energy from thermal gradients of a window was studied by measuring temperatures on the two inner glasses of a triple glazed window located in an office building in Espoo, Finland (60°11'8"N, 24°49'22"E), facing towards South-West. The air gap between these glasses is 12 mm. Fig. 2 a) shows the temperature difference between the glasses under winter conditions in January 2016, whereas Fig.  2 b) demonstrates the temperature differences available in summer (August 2015). The different curves in the figure stand for the different lateral positions of the pt-100 sensors on the glass. During the peak difference of winter, the temperature of the outer glass was -23.2 °C and during the peak of the opposite direction in summe r it w as +51.3 °C. These tw o cases of summer and winter also show how the polarity changes due to the change of the direction of the thermal gradient, justifying the need of the diode bridge between the TEGs and the unipolar energy harvester circuit. During summer time, the polarity changes also within a day. The temperature difference between the glasses is 23.8 K at its highest, but it can also be practically zero over rather long periods, based on which the energy storage needs to be sized. A thin-film TEG design with a novel folding scheme has been proposed previously for large-area, low energy density applications and the performance analyzed computationally [9] . The proposed design suits well for energy harvesting from the thermal gradients available between window glasses. In the folded TEG module, the heat flux and current flow are parallel to film surface but the temperature gradient perpendicular to the plane of the TE module, as described in [9] . The basic threedimensional structure of the folded module designed to fit tightly in the 12 mm wide space between the glasses is shown in Fig. 3 (a) . However, in order to avoid the possible risks of the folding process [19] and to enable easy control of thermal gradients, the present study concentrates on measuring the generated voltage and power of planar TEG foils but having the conductor and TEG patterns applicable to the folded structure (see Fig, 3 (b) ). For predicting the performance of the planar TEGs and for extracting the material parameters (see Section IIIA) of the fabricated thin film TEGs, a simulation model mimicking the planar measurement setup of Figs. 4 and 5 was built. The computational model is based on the finite element method (FEM) implemented in COMSOL Multiphysics [20] . In addition, analytical methods are used for calculating the selected characteristic parameters of the TE device. In the FEM model, heat transfer equations are coupled with the electrical phenomena for modelling the thermoelectric effect (PeltierSeebeck-Thomson) [20] . The FEM model includes the coupled phenomena of heat transfer by conduction in the substrate, thermoelectric materials and conductor lines, electrical conduction and Joule heating in the TE material and conductor lines, and thermoelectric effect in the TE material and conductor lines. Temperature gradients are applied over the TEGs mimicking the temperature gradient of the folded structure by setting a constant heat source or constant temperature on the hot and cold lines as shown in Fig. 3 (b) .
The TEG foil prototypes were fabricated by screen-printing the conductor pattern of Fig. 3 (b) with Inkron IPC-114 silver ink on the AZO-coated Kapton NH foils. AZO was removed from between the adjacent conductor lines at the same temperature, as shown in Fig. 3 (b) , by grinding with fine sand paper.
In order to measure the voltage and power generated by the TEG foils, a test rig with aluminum fingers acting as heat conductors was built. Side view of the structure is shown in Fig.  4 . In the structure, two aluminum plates (1) are thermally connected to aluminum fingers (2) that are each pressed against the foil under test (3) by a finger of synthetic rubber foam (4) on the opposite side of the foil. Five of the fingers are equipped with pt-100 temperature sensors (5) to measure the temperature difference. The structure is placed on a hot plate and is cooled from above e.g. by using ice. Every second pair of the foil is then at high temperature and the ones between them are at low temperature. In order to measure each thermopair also individually, there are also galvanic contacts formed by strips of copper tape on the upper part of the device. Fig. 5 shows the opened structure with the TEG foil under test between the halves of the device. In the measurement of a TEG foil, the hot plate was heated up to 55 °C, while some ice was put on a bowl on the top of the test rig. Nine thermopairs of the twelve in total on the foil were connected to Agilent 34970A data acquisition unit via Agilent 34901A multiplexer board to measure the voltage and the electric power generated. The pt-100 temperature sensors were connected to the same data acquisition unit and the data was collected using a LabView software. The series resistance and thus also the electric power produced by the TEG foil was measured by loading the nine elements connected in series with changing resistance values.
D. Antennas
The two antenna types implemented on TCO, the RFID transponder and the Bluetooth antenna, have somewhat different specifications. Additionally to operating at different frequencies, the required input impedance as well as the physical connection interface to the electronics is very different for the two. The very low conductivity of the TCO material sets its limitations to the possible antenna structures; in order to minimize the conductivity losses, electric current should be distributed as evenly as possible on the antenna conductor. In practice, this means simple structures with wide conductors and no meandering [21] . If the electronics require a large enough printed circuit board, it can be used as a ground plane or the other half of an asymmetric dipole antenna. Fig. 6 shows the antenna structures that meet these criteria and therefore can be considered as potential TCO antennas. Type a) is a simple twobranch dipole fed from its middle. Type b) is a dipole antenna with an integrated parallel loop that is typically used in label type RFID transponders [22] . Type c) is a straight dipole fed inductively with an external loop on its side. Type d) uses the printed circuit board shown on the right as one half of the asymmetric dipole, as the second one is implemented on TCO. Implementing a galvanic contact to TCO is challenging and therefore it is preferred to use capacitive coupling with antenna types a), b) and d).
The antennas were simulated with Ansys HFSS 15.0 electromagnetic simulation tool [23] . The material parameters used in the simulations are listed in Table I , including relative permittivity δr, dielectric loss tangent tan(χ) and conductivity ρ. 
A. Thermoelectric generators
The measured resistance of the TE module consisting of nine TEGs connected in series (100 ς) and the sheet resistance of AZO (53 ς/□) were used as the starting points (known values) for the simulations. The measured series resistance of the module includes the resistance of AZO and silver ink lines as well as all the unknown contact resistances between the silver ink contact lines and AZO. First, the contact resistance was adjusted to produce the measured resistance of the module in the simulations. Then the Seebeck coefficient was varied to obtain the maximum measured output power. A good match was found with S ≈ -73 λV/K that is in good accordance with the typical values of AZO reported in the literature [6] , [12] , [13] . The simulation results are shown in Fig. 7 where the output power is predicted for different temperature gradients as a function of load resistance. The parameters used in the simulations are listed in Table II . The thermal conductivity of AZO is also listed, although it has been shown that its influence on the device performance is negligible for such thin films [9] . Fig. 9 shows the results of the loading measurement that is the produced DC power as a function of load resistance Rload, compared to the corresponding simulated values. The highest power of 1.6 µW is obtained at Rload ≈ RTEG ≈ 100 ς, where RTEG is the measured resistance of the TE module consisting of nine TEGs, as expected. When folded between glasses as shown in Fig. 3 (a) , the area of the nine elements becomes 67 cm 2 . Thus, a regular window glass of 0.5 m 2 can be equipped with 74 of these module elements, which produces about 118 µW with the 43 K temperature difference. However, using a more realistic longtime average temperature difference of 10 K (Fig. 2) and the simulation results of Fig. 7 , the average power produced by such a window becomes 6.6 µW, which is still above the 3.3 µW power consumption of the use scenario given in Sec. II A. Although the produced power may seem small for the required area, the significant advantage of the proposed TEG design is that it minimizes the heat leakage through the module itself and, thus, maximizes the available temperature gradient under heatsink-limited conditions. Under similar conditions, the conventional TEGs can support only a fraction of the temperature gradient sustained by the proposed TEG, which in practice makes the former close to useless in the applications where efficient heat sinks cannot be used. This relates to the fact that the effective thermal conductivity of the folded TEG module is close to that of air, i.e. at least 30 -150 times smaller than that of a conventional bulk TEG [25] . On the other hand, as the electrical current also flows in the plane of the thin AZO film, the electrical resistance of the proposed module gets high unless the aspect ratio of the legs is increased [9] . The Seebeck coefficient and electrical conductivity of AZO (Table II) are of the same order as those of many bulk TEGs, but inferior to those of the best materials.
Generally, one potential risk of the AZO coating is its durability during the folding or handling of the flexible substrates, which may cause cracks on the coating [19] . In order to evaluate primarily the electrical performance of the TEG prototypes without additional fabrication related risks, the TEG foils were measured in a planar form with a special test rig. However, based on the literature [19] as well as the preliminary tests performed by the authors, the proposed folding scheme seems feasible as far as the cracking sensitivity is taken into account in the fabrication process and the sharpest bends positioned on the metal lines. Another option is to perform the deposition of AZO in a later phase, i.e. on the folded substrate and, thus, to avoid the need to handle the flexible substrate with AZO on it. For ALD this is a valid option, as it produces conformal thin films regardless of the direction of the targeted surface.
Due to the limited availability of colorless Kapton CS, the TEG prototypes were made on yellow Kapton NH. This together with the wide silver conductors compromises the transparency of a window equipped with the TEG module. However, in these first prototypes the area of the silver conductor was not optimized and it is expected that, especially if the contact resistance between silver and AZO can be reduced, narrower conductors can be used in the future.
B. RFID Transponder
In a typical RFID transponder a small bare-die microchip is attached directly to an antenna inlay, which is also the case with the prototype studied here. Consequently, there is no ground area of a PCB available to be used as a part of the antenna, which means that the antenna type d) of Fig. 6 is not an option for an RFID transponder.
In order to achieve conjugate impedance match with the microchip that has a capacitive input impedance, the input impedance of the antenna needs to be inductive. Therefore, antenna type b) of Fig. 6 is commonly used with commercial label type transponders [22] . However, the simulations showed that with the low conductivity of the AZO film, the parallel loop of any size does not produce inductive input impedance as it does with higher conductivities [21] . This leaves antenna type c) with an external loop made of high-conductivity material the only viable option.
Further optimization of the antenna type c) showed that the highest radiation efficiency combined with the right input impedance can be achieved with the structure shown with its dimensions (in mm) in Fig. 10 . The dimensions of the inductive coupling loop made of 17 µm thick aluminum on a PET substrate are shown in Fig. 11 . The read range is a commonly used figure of merit for a passive UHF RFID transponder. The theoretical forward-link limited read range of the transponder can be calculated from the simulation results by:
where c is the speed of light, ϖ the angular frequency, Ptx EIRP the equivalent isotropically radiated power of the reader device, Dtag the directivity of the transponder antenna, γtag the radiation efficiency of the transponder antenna, ZIC the complex impedance of the microchip, Ztag the input impedance of the transponder antenna and PIC sens the read sensitivity of the microchip. '*' denotes complex conjugate. Ptx EIRP = 3.28 W (2 W ERP), which is the maximum allowed radiated power of a U H F R F I D r e a d e r a s d e f i n e d b y E C C / E T S I [ 2 6 ] . T h e frequency-dependent impedance of the Monza R6 microchip ZIC is calculated, as specified by the manufacturer, by the parallel connection of chip resistance Rp (1200 ς), chip capacitance Cp (1.23 pF) and mounting capacitance Cmount (0.21 pF): ZIC = (Rp || Cp || Cmount) [27] . The chip sensitivity PIC sens = -20 dBm [27] . The other parameters of (2) are obtained as simulation results as a function of frequency. Four transponder prototypes were made using two sheets of AZO coated Kapton NH foils from different process batches. The prototypes are named 1A, 1B, 2A and 2B, with the number referring to the process batch. The prototypes were measured with Tagformance UHF RFID device using its own anechoic cabinet [28] . The transponder prototype inside the cabinet, supported by a piece of Styrofoam, is shown in Fig. 12 . The evaluation is based on measuring the activation level of the transponder as a function of frequency in a fixed and known setup, which is normalized for each measurement series with a standard transponder, the frequency response of which is known [29] . As a result, the measurement gives the equivalent forward-link limited read range that is directly comparable with the values calculated by (2) from the simulation results. The simulated and measured read ranges of the transponders as a function of frequency are shown in Fig. 13 . The graphs of Fig. 13 show that one of the prototypes, 1A, has a clearly lower read range than the rest three, which all have practically identical responses. Therefore, 1A can be excluded from the further analysis as a defective individual. The frequency band of the three is right for global operation, but their read range is shorter than that predicted by the simulation, namely 7.4 m vs. 9.6 m at 900 MHz. In terms of the power sensitivity of the transponder, the difference is 2.3 dB. The simulated radiation efficiency at 900 MHz is -6.8 dB (21 %). Consequently, if the difference in the sensitivity between the simulation and measurement results is explained by a difference in radiation efficiency, the measured radiation efficiency becomes -9.1 dB (12 %). A possible explanation for the difference is the transponder antenna being particularly sensitive to irregularities close to the coupling loop where the current density is at its highest [21] . The AZO coating on the edges of the antenna is likely to be somewhat irregular, compared to the smooth edges of the simulation model.
When compared to commercial label transponders made by etching of aluminum, the radiation efficiency of which is about -0.5 dB (90 %) [22] , the measured radiation efficiencies are quite low. However, the read range of 7.4 m is still adequate for many applications. By Eq. (2), the corresponding theoretical value for an antenna with -0.5 dB, the radiation efficiency is about 20 m [27] .
C. Bluetooth antenna
The electronics module is built around an nRF51422 microchip and has also several other components that are all assembled on a 26 mm * 33 mm PCB. This PCB with its ground layers can be used as the second terminal of a dipole antenna, enabling the use of antenna type d) of Fig. 6 as the Bluetooth antenna. In order to combine the DC ground and the other terminal of the dipole antenna, BAL-NRF02D3 balun is connected between the nRF51422 microchip and the antenna. The required input impedance of the Bluetooth antenna is thus determined by the 50-Ohm output of the balun.
Two types of transparent antennas were studied: AZO on glass and AZO on Kapton CS. In the antenna prototypes, the output of the balun was connected to the antenna using a 9 mm * 2 mm copper strip. The size of the antenna was optimized and its expected performance evaluated by simulations.
Two antenna prototypes connected to the electronics module are shown in Fig. 14 ; the glass antenna on the left is attached to the PCB with a plastic clamp and the Kapton CS antenna is supported by a piece of Styrofoam and fixed to the PCB with a rubber band. In order to evaluate the antenna prototypes in terms of the radiation efficiency, they were measured in an anechoic cabinet. For the measurement, the Bluetooth module was programmed to continuously transmit carrier wave with 0 dBm power at the frequency of 2.45 GHz. The module was powered with a CR2032 Lithium battery to avoid any wires that would affect the antenna. The RF signal transmitted by the module was received with a Huber-Suhner 1324. 19 .0002 measurement antenna placed 0.45 m apart from the module in the cabinet. The received signal level was measured with Anritsu MS2830A spectrum analyzer. The radiation efficiency can then be calculated from the power budget of the measurement in decibel form:
where Prx is the signal power measured by the spectrum analyzer, Lrx the attenuation of the cable between the spectrum analyzer and the receiver antenna, Grx the gain of the receiver antenna, AF the free-space attenuation, Dtx the directivity of the antenna prototype, Lb the insertion loss of the balun, LZ the attenuation due to impedance mismatch between the balun and the antenna prototype and Ptx the power transmitted by the Bluetooth module. Free-space attenuation can be calculated from the speed of light c, the frequency f and the distance between the antennas R:
LZ can be calculated from the output impedance of the balun Zb (50 ς) and the complex input impedance of the antenna prototype ZA:
The following values were used for (3): by measurement with a network analyzer Lrx = -2.6 dB, Grx = 8.5 dBi for HuberSuhner 1324.19.0002 [30] , by (4) AF = -33.3 dB (R = 0.45 m), Dtx is determined by simulation, Lb is -1.9 dB [31] , LZ is calculated from the simulated input impedance of the antenna ZA using (5) and Ptx is 0 dBm.
Four antenna prototypes were measured; two with a 3 mm glass substrate ("A" and "B"), one with a 1 mm glass substrate ("D") and one with a 50 µm thick Kapton CS substrate. The substrates are coated with AZO on the both sides, so the three glass prototypes were measured with the both sides touching the coupling strip, leading to seven measurement cases in total. Simulated and measured parameter values of the antenna prototypes are listed in Table III ; simulated input impedance, simulated directivity in the direction of the measurement antenna in the test setup, simulated radiation efficiency and the measured radiation efficiency calculated using (3). The results of Table III show that the measurements actually give higher radiation efficiencies than the simulations for the antenna prototypes implemented on the thick glass substrate; for thin glass the simulation and measurement results are quite close to each other and for Kapton CS substrate the measured value is 1.6 dB lower than that given by the simulation. As AZO coating is known to be somewhat brittle [19] , one may assume t h a t t h e r i g i d g l a s s a s a s t a b l e s u b s t r a t e e n s u r e s a m o r e homogeneous coating.
The achieved radiation efficiencies are comparable with or, as in the case of 3 mm glass substrate, better than the values of commercial chip antennas that are commonly used with Bluetooth modules. For such, -3 dB (50 %) is a typical value [32] .
IV. CONCLUSION
The use of Al-doped Zinc oxide (AZO) to form thermoelectric generators and antenna conductors for an energy-autonomous wireless sensor node was studied and demonstrated. The operation of the both was first simulated and then verified by measurements on prototypes. The concept of harvesting energy from temperature differences on a window was first studied by measuring the temperature differences that occur between actual glasses of a window in Espoo, Finland.
According to the measurements, the fabricated TEG prototype with nine elements produced power of 1.6 µW with a temperature difference of 43 K. With a more realistic long-term temperature difference of 10 K, simulations predict the power of 90 nW for this device. When folded, the area of the device is about 67 cm 2 , which means that if a regular-sized window (0.5 m 2 ) is filled with these thermoelectric modules, power of 6.6 µW is produced with the 10 K temperature difference. This is enough to power the sensor node used here as an example. However, as the power production varies a lot over time, an energy storage and an algorithm to control the power consumption of the electronics are needed. As is characteristic for TEGs, raising the temperature difference increases the power very rapidly. Therefore, environments with more extreme conditions may provide interesting use cases for this solution.
The antennas, that is those for UHF RFID transponders and for Bluetooth radio, were also successfully demonstrated. UHF RFID transponder antennas implemented on a flexible Kapton NH substrate produced correct frequency response, but their sensitivity remained 2.3 dB below what was predicted by the simulations, the corresponding measured radiation efficiency being about -9.1 dB at 900 MHz. The Bluetooth antennas implemented on glass appeared to produce higher radiation efficiencies than the one with the flexible substrate. When compared to the simulation results, the ones made on 3 mm glass gave actually better efficiency values than what was predicted by the simulations. The radiation efficiency values of the Bluetooth antennas varied between -3.8 dB and -0.4 dB, depending on the substrate. Higher radiation efficiency and better correspondence with the simulations of the glass antennas may be due to the AZO coating being more stable on a rigid substrate.
